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Edited by Jesus AvilaAbstract BHC80 is a component of BRAF-HDAC complex
(BHC) involved in transcriptional repression of neuron-speciﬁc
genes in non-neuronal cells. However, BHC80 is present in both
neuronal and non-neuronal cells. To explore the physiological
importance of BHC80 in vivo, and the precise mechanism under-
lying neuron-speciﬁc gene repression by BHC80, we have pro-
duced mutant mice lacking Bhc80. The loss of Bhc80 resulted
in neonatal lethality without sucking mother’s breast milk suﬃ-
ciently. Although Bhc80-deﬁcient mice showed no developmental
defect in the neuronal and non-neuronal tissues, Bhc80 is indis-
pensable for the survival of neonatal pups.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Negative regulation of transcription plays an important role
in the maintenance of cell type-speciﬁc gene expression.
Restrictive expression of neuron-speciﬁc genes in nerve cells
is accomplished by transcriptional repression in non-neuronal
cells. A cis element for the negative regulation, neuron-restric-
tive silencing element/repressor element 1 (NRSE/RE1), has
been found in the 5 0-ﬂanking regions of at least 30 genes
including m4, Scg10, and Synapsin I (SynI) [1]. NRSF (neu-
ron-restrictive silencer factor or REST) containing kruppel-
type zinc ﬁnger motifs that speciﬁcally bind to NRSE/RE1 is
a key regulator for neuron-speciﬁc gene repression [2,3]. To re-
press neuron-speciﬁc genes, NRSF recruits corepressors gov-
erning the inactive state of the chromatin structure.
mSIN3A, which binds to the N-terminal region of NRSF, re-
cruits histone deacethylases, HDAC1 and HDAC2 [4–6]. The
C-terminal region of NRSF is also required for the association
of a corepressor CoREST that possibly functions as a platform
for the recruitment of chromatin modiﬁers including HDAC1/
2 [7,8] and histone methyltransferases G9a [9] and SUV39H1
[10].
In addition to the above corepressors, a CoREST-related
protein complex, BRAF-HDAC complex (BHC) consisting*Corresponding author. Fax: +81 29 853 7196.
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doi:10.1016/j.febslet.2006.04.065of six subunits, CoREST, HDAC1, HDAC2, BRAF35,
BHC110, and BHC80, has been demonstrated to participate
in neuron-speciﬁc gene repression [11]. BHC80 containing a
PHD ﬁnger domain may function as a scaﬀold protein in
BHC, because this corepressor is capable of binding all ﬁve
BHC subunits [12]. Moreover, LSD1 identical to BHC110 is
a histone demethylase with the substrate speciﬁcity toward
K4-methylated histone H3 involved in the active transcription
[13]. Thus, each BHC subunit presumably plays an important
role in transcriptional repression by regulating the histone
demethylation activity. Indeed, CoREST and HDAC1/2 posi-
tively regulate the LSD1/BHC110 function to generate a
repressive chromatin environment [14,15], whereas BHC80
inhibits CoREST/LSD1-mediated demethylation in vitro [15].
Although many chromatin modiﬁers are involved in NRSF-
mediated gene repression, the functional roles of these factors
have been suggested by the experimental data using a model
system of cultured cell lines, usually Rat-1 or HeLa cells. To
our knowledge, only mutant mice lacking Nrsf or N-Cor in-
volved in the neuron-speciﬁc gene repression have been pro-
duced; the loss of Nrsf and N-Cor resulted in de-repression
of a tubulin b-III isoform in non-neuronal tissues [16,17].
We have previously demonstrated that BHC80 is present in
both neuronal and non-neuronal cells [12]. To explore the role
of BHC80 in these two cell types in vivo, we produced Bhc80-
deﬁcient mutant mice by homologous recombination in
embryonic stem (ES) cells. The loss of Bhc80 caused neonatal
lethality without apparent developmental defects in the neuro-
nal and non-neuronal tissues. The Bhc80-deﬁcient neonates
showed the insuﬃcient ability to suck breast milk from their
mothers. Thus, Bhc80 may function in the milk-sucking behav-
ior governed by neurons.2. Materials and methods
2.1. Generation of mutant mice lacking Bhc80
Genomic clones encoding Bhc80 were isolated from a mouse 129/SvJ
genomic DNA library in kFIXII (Stratagene, La Jolla, CA) using 32P-
labeled DNA fragments as probes. Of six clones isolated, a clone,
termed mGPG3, was used for construction of a targeting vector carry-
ing a neomycin-resistance (neo) expression cassette ﬂanked by a 1.9-
kbp genomic region of Bhc80 and an HSV-TK (tk) cassette at the
3 0-end (Fig. 1). The construct was designed to replace a part of seventh
exon with the neo expression cassette. Following electroporation of the
targeting vector into D3 mouse ES cells, homologous recombinants
were selected by using G418 and gancyclovir, as described [18]. Sixteen
ES cell clones containing the targeted mutation were selected from 333blished by Elsevier B.V. All rights reserved.
Fig. 1. Generation of Bhc80-deﬁcient mice. (A) Targeted mutation of
Bhc80. A part of seventh exon (E7) encoding a Gln-rich domain was
replaced by a neo expression cassette (shaded box). The herpes simplex
virus-thymidine kinase gene (tk, open box) was included in the
targeting construct for negative selection. Restriction enzyme sites
indicated are as follows: B, BamHI; P, PstI; E, EcoRI; X, XhoI.
(B) Southern blot analysis of genomic DNA from wild-type (Bhc80+/+,
+/+), heterozygous (Bhc80+/, +/) and homozygous (Bhc80/, /)
neonatal mice for null mutation of Bhc80. Genomic DNA was
prepared from the tail, digested byEcoRI and XhoI, separated by
agarose gel electrophoresis, and subjected to Southern blot analysis
using a 32P-labeled DNA fragment (S-probe in panel A) as a probe.
The wild-type and targeted alleles yielded 3.1- and 2.4-kbp DNA
bands, respectively. (C) RT-PCR analysis of total RNAs from brain
tissues of Bhc80+/+, Bhc80+/, and Bhc80/ neonates. No DNA band
was detected in Bhc80/ mice. Gdh, glyceraldehyde-3-phosphate
dehydrogenase. (D) Western blot analysis of protein extracts from
brain tissues of Bhc80+/+, Bhc80+/, and Bhc80/ neonates. Proteins
were separated by SDS–PAGE, transferred onto polyvinylidene
diﬂuoride membranes, and probed by aﬃnity-puriﬁed anti-Bhc80
antibody. The membranes were then stained with Coomassie brilliant
blue (CBB). The Bhc80/ mouse brain lacked two alternative variant
forms of Bhc80 with the sizes of 94 and 83 kDa.
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mice were crossed to C57BL/6 females (SLC Inc., Shizuoka, Japan)
to establish the heterozygous mutant lines. All animal experiments
were carried out according to the Guide for the Care and Use of
Laboratory Animals in University of Tsukuba.
2.2. Southern blot analysis
Genomic DNA was prepared from mouse tail, digested by EcoRI
and XhoI, separated by agarose gel electrophoresis, and transferred
onto Hybond-N+ nylon membranes (Amersham Biosciences, Piscata-
way, NJ). The blots were probed by 32P-labeled DNA fragments,
and analyzed by a BAS-1800II Bio-Image Analyzer (Fuji Photo Film,
Tokyo, Japan), as described [18].
2.3. Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total cellular RNAs were extracted from various tissues and cultured
cells using Isogen (Nippon Gene, Toyama, Japan), as described [19].
RT-PCRwas carried out using a full 3 0-RACEkit (Takara Bio Inc., Shi-
ga, Japan) according to the manufacturer’s protocol. First-strand
cDNA was synthesized from total RNAs using an oligo dT-3sites
adapter as a primer. A portion of the synthesized cDNAs was sub-
jected to PCR using speciﬁc primer sets. A set of two primers,
5 0-TCAGCAGCAGCACCGCCTAG-30 (sense) and 5 0-GCTGAGGA-
GCTGCAAGCATG-3 0 (antisense), corresponding to the sequences in
the seventh and tenth exons of Bhc80, respectively, was used for assess-
ment of the seventh exon replacement by neo. Details of the PCR con-
ditions, including other primer sequences, are available on request.2.4. Antibodies and Western blot analysis
Aﬃnity-puriﬁed anti-Bhc80 antibody was prepared as described pre-
viously [12]. Anti-Nrsf monoclonal antibody (mAb) [16] and anti-
CoRest antisera [20] were kind gifts from Drs. D.J. Anderson and
B.H. Howard, respectively. Other antibodies were purchased from
commercial sources: anti-Hdac2 antibody (H-54, Santa Cruz Biotech-
nology, Inc., CA), acetyl-histone H4 antibody set (AcK5, AcK8,
AcK12, and AcK16) (17-211, Upstate Group, Inc., Lake placid,
NY), anti-dimethyl-histone H3 (K4) antibody (07-030, Upstate Group,
Inc.), anti-dimethyl-histone H3 (K9) antibody (Ab7312, Abcam Ltd.,
Cambridge, UK), anti-b-tubulin mAb (Clone 2-28-33, Sigma, St.
Louis, MO), anti-glial ﬁbrillary acidic protein (Gfap) mAb (Clone
GA5, Chemicon Inc., Single Oak Drive-Temecula, CA), and anti-
bromodeoxyuridine (BrdU) mAb (Clone BMC9318, Roche diagnos-
tics, Alameda, CA). Mouse tissues and primary cultured cells were
homogenized at 4 C in 20 mM HEPES/KOH, pH 7.5, containing
150 mM NaCl, 1 mM EDTA, 1.0% Triton X-100, 0.5% deoxycholate,
0.1% SDS, pepstatin A (1 lg/ml), leupeptin (1 lg/ml), and aprotinin
(75 units/ml), and centrifuged at 11000 · g for 10 min at 4 C. Proteins
in the supernatant solution were subjected to Western blot analysis, as
described [21]. The immunoreactive proteins were visualized by an
ECL Western blotting detection kit (Amersham Biosciences).
2.5. Histological analysis
Neonatal pups at postnatal day 0 (P0) were ﬁxed in 3.7% formalde-
hyde, and embedded in paraﬃn. Sections (4 lm) were prepared by a
Leica microtome SM2000R, and stained with hematoxylin/eosin, as
described [22]. Brain tissues from P0 neonates and fetal pups at embry-
onic day 18 (E18) were ﬁxed in phosphate-buﬀered saline (PBS) con-
taining 4% paraformaldehyde at 4 C overnight, snap-frozen, and
embedded in a TissueTek O.C.T compound (Sakura Finetechnical
Co., Tokyo, Japan). Frozen sections (10 lm) were prepared in a Leica
CM3000 cryostat, mounted on silanized glass slides, stained with 0.5%
cresyl violet, and observed under an Olympus BX50 microscope
(Tokyo, Japan).
2.6. Cell culture and immunoﬂuorescence microscopy
Primary neuronal cultures were prepared from E17 fetuses. Cerebral
cortices were dissociated by trypsin treatment, suspended in a DMEM/
F-12 medium supplemented with 10% fetal bovine serum (FBS), and
plated onto dishes or slide chambers pre-coated with 0.1 mg/ml poly-
L-lysine overnight. After 2-day culture at 37 C under 5% CO2 in air,
10 lM of 1-b-D-arabinofuranosylcytosine (Ara-C) was added to elim-
inate proliferating cells including astrocytes, and cells were further
incubated for 2 days. The resulting neuron-enriched cultures were
maintained in DMEM supplemented with 10% calf serum (CS). Pri-
mary astrocyte cultures were prepared from the primary cortical cell
cultures by two passages in DMEM supplemented with 10% FBS for
3 weeks. Low-density cultures of hippocampal neuron were prepared
from E17 fetuses, as described [23], and maintained in a Neurobasal
medium (Invitrogen, Carlsbad, CA) supplemented with a B27 solution
(Invitrogen). After 2-day culture, neurons were treated with anti-Gfap
or anti-b-tubulin mAb, incubated with Alexa Fluor 488-conjugated
anti-mouse IgG antibody (Molecular Probes, Eugene, OR), and ob-
served under the above Olympus BX50 microscope. The numbers
and lengths of neurites were measured using a Scion Image Beta 4.02
software (http://www.scioncorp.com/pages/product_prices.htm).
2.7. Neuronal birth-dating analysis
BrdU (5 mg/ml, Sigma) in saline containing 7 mM NaOH was intra-
peritoneally injected into pregnant mice 12 or 14 days after copulation
(50 mg/kg). The brain tissues of E18 fetuses were dissected, and frozen
sections were subjected to immunohistochemical analysis using anti-
BrdU antibody, as described [24].
2.8. Chromatin immunoprecipitation (ChIP) assay
Neonatal tissues were homogenized in PBS, crosslinked with 1%
formaldehyde at room temperature for 30 min, and sonicated in a nu-
clei lysis buﬀer consisting of 50 mM Tris/HCl, pH 8.1, 10 mM EDTA,
and 1% SDS. The chromatin samples were diluted and pre-cleaned by
protein A- or protein G-agarose beads (Pierce) for 2 h. Antibodies
were then added to the chromatin samples, and the mixture was kept
at 4 C overnight. The beads were thoroughly washed with appropriate
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for 6 h. The protein–DNA immunocomplexes were then recovered
from the beads by centrifugation, and subjected to PCR analysis, as
described [25]. The PCR was carried out by 35 cycles of 94 C for
60 s, 60 C for 30 s, and 72 C for 30 s, using two sets of primers: SynI
promoter, 5 0-CCGGACCCTCAGGACAAGAAC-3 0 and 5 0-CTTG
CACCTCTCGTGGTGCGG-3 0; SynI open reading frame (ORF) 5 0-
CAAAGGGAAGAAGATCCATGG-3 0 and 5 0-CACAACTTTGAC-
TCCATTCCG-3 0.3. Results
3.1. Production of Bhc80-deﬁcient mice
Mutant mice lacking Bhc80 were produced by homologous
recombination in ES cells, using a targeting vector containing
neo and tk expression cassettes (Fig. 1A). A part of seventh
exon coding for a Gln (Q)-rich domain in Bhc80 [12] was re-
placed by the neo cassette. The genotypes of wild-type
(Bhc80+/+), heterozygous (Bhc80+/), and homozygous
(Bhc80/) mice for the null mutation of Bhc80 were identiﬁed
by Southern blot analysis of genomic DNA (Fig. 1B). RT-PCR
analysis indicated the absence of Bhc80 mRNA in the brain of
Bhc80/ neonates (Fig. 1C). Moreover, protein extracts of the
Bhc80/ brain completely lacked two Bhc80 isoforms synthe-
sized from a single Bhc80 by alternative splicing (Fig. 1D).
These data demonstrate the loss of Bhc80 in the Bhc80/mice.
3.2. Neonatal lethality of Bhc80-deﬁcient mice
Breeding of Bhc80+/ male and female mice yielded the ex-
pected Mendelian frequency of Bhc80/ mice [Bhc80+/+:Fig. 2. Neonatal lethality of Bhc80/ mice. (A) Neonates delivered by ma
Bhc80/ neonates were incapable of sucking mother’s milk enough (arrows
PCR. The wild-type (WT) and targeted alleles (KO) yielded the 1.9- and 2.8
weights of Bhc80+/+, Bhc80+/, and Bhc80/ neonates (numbers in parenthe
distribution of Bhc80 in P0 neonates. Protein extracts were prepared from six
Bhc80 or anti-Hdac2 antibody. (D) Histology of non-neuronal tissues in P0
paraﬃn, and coronal sections were stained with hematoxylin and eosin. No sig
d), lung (b and e), and kidney (c and f) was found between Bhc80+/+ and BhBhc80+/: Bhc80/ = 46 (23%): 100 (49%): 58 (28%) for 204
oﬀspring from 24 litters]. Bhc80/ neonates were normally
born, but died within a day after birth (Fig. 2A), despite the
normal body weights (Fig. 2B). The Bhc80/ neonates exhib-
ited the inability to suck mother’s breast milk enough
(Fig. 2A). Western blot analysis revealed that the levels of
Bhc80 in the brain and lung are higher than those in the heart,
kidney, and skeletal muscle of Bhc80+/+ neonates (Fig. 2C).
The Bhc80 level was negligibly low in the liver. Moreover,
the liver, lung, and kidney tissues of Bhc80/ neonates were
histologically normal (Fig. 2D). Thus, Bhc80 is required for
the neonatal survival presumably without the obvious defect
in the non-neuronal tissues.
3.3. Normal distribution, migration, and apoptosis in
Bhc80-deﬁcient mouse neurons
The phenotype of Bhc80/ mice closely resembled those of
mutant mice lacking Kif2a [26], Tau/Map1b [27], or Map2/
Map1b [28]: neonatal lethality and dysfunction of sucking
breast milk. Since these three mutant mice also exhibited the
abnormalities in the layer formation of the cortex and in the
structure of the nerve nuclei, we carried out histological
analysis of brain sections from Bhc80/ E18 fetuses and P0
neonates. No signiﬁcant diﬀerence in the cortical layer forma-
tion, the structure of pontine nuclei, and the nerve cell arrange-
ment in the spinal cord was found between Bhc80+/+ and
Bhc80/ mice (Fig. 3A and B). Bhc80/ mice were also indis-
tinguishable from Bhc80+/+ mice by the layer formation in the
cerebellum, hippocampus, and olfactory bulb, and the struc-
tures of facial nerve and inferior olivary nuclei (Fig. 3B andting of Bhc80+/ male and female mice at postnatal day 0 (P0). The
), and died within a day. Tail DNAs of the neonates were analyzed by
-kbp DNA bands, respectively. (B) Body weights of P0 neonates. The
ses) were measured. Data are expressed as the means ± S.E. (C) Tissue
wild-type neonates, and subjected to Western blot analysis using anti-
neonates. Bhc80+/+ and Bhc80/ neonates were ﬁxed, embedded in
niﬁcant diﬀerence in the cyto-architectural structures of the liver (a and
c80/ mice.
Fig. 3. Layer formation and neuronal migration in Bhc80/ mice. (A) Layer formation in cerebral cortex. Coronal sections of cerebral cortices of
Bhc80+/+ (+/+) and Bhc80/ (/) fetuses at embryonic stage E18 (E18) were stained with cresyl violet (a and b). No obvious defect in Bhc80/
fetuses was found in cortical layering consisting of marginal layer (ML), supragranular part of cortex (CPs), infragranular part of cortex (CPi),
subplate layer (SP), intermediate zone (IZ), and ventricular zone (VZ). (B) Histology of pontine nuclei, spinal cord, and olfactory bulb. Sections of
hindbrain (c and d), spinal cord (e and f), and olfactory bulb (g and h) from Bhc80+/+ and Bhc80/ neonates were stained with cresyl violet. PN,
pontine nucleus; Pit, pituitary gland; DH, dorsal horn; VH, ventral horn. (C) Neuronal birth-dating analysis. BrdU was injected into pregnant
Bhc80+/ mice at 14 days after copulation, and coronal sections of the forebrains from E18 fetuses were subjected to immunostaining using anti-
BrdU antibody. No signiﬁcant diﬀerence in the distribution of migrating neurons was observed between Bhc80+/+ (i) and Bhc80/ (j) cortices.
3132 S. Iwase et al. / FEBS Letters 580 (2006) 3129–3135S1). Birth-dating analysis showed the normal migration of
neurons in the cortices of Bhc80/ mice, when BrdU was in-
jected into pregnant mice 12 (Fig. S2) or 14 days after copula-
tion (Fig. 3C). Moreover, TUNEL assays of cortical sections
from neonatal mice indicated that the normality in the number
of apoptotic cells in Bhc80/ mice (Fig. S3A). Indeed, two
apoptosis-related genes, Bax and p53, were normally expressed
in the brain of Bhc80/ neonates (Fig. S3B). These data show
no obvious phenotype of Bhc80/ neonates in the neuronal
distribution, migration, and apoptosis.
3.4. Morphogenesis of neurons and astrocytes in Bhc80-deﬁcient
mice
In addition to the abnormality in the layer formation and
neuronal migration, the loss of both Tau and Map1b has been
demonstrated to result in a highly impaired axonal elongation
[27], while aberrantly extended axonal branches were observed
in Kif2a-deﬁcient mouse neurons [26]. To test whether Bhc80
is involved in the axonal elongation and branching, low-den-
sity primary cultures of hippocampal neurons were examined
by staining with anti-b-tubulin mAb (Fig. 4A and B). The
length and branching of primary axon were normal in
Bhc80/ neurons. The morphology of astrocytes was alsosimilar between Bhc80+/+ and Bhc80/ mice (Fig. 4C). Thus,
Bhc80 is not essential for the axonal elongation and branching,
despite the presence of Bhc80 in the hippocampal neurons [12].
3.5. Expression of SynI in the lung of Bhc80-deﬁcient neonates
BHC80 was originally identiﬁed as a component of co-
repressor complex BHC involved in the repression of neu-
ron-speciﬁc genes in non-neuronal cells [11]. We thus examined
expression of four neuron-speciﬁc genes, m4, Scg10, Nfm, and
SynI in the lung tissues, and primary cultured astrocytes and
neurons by semi-quantitative RT-PCR. In the lung of
Bhc80/ neonates, only a DNA band of SynI was PCR-
ampliﬁed among these four genes examined (Fig. 5A). The
repression and expression levels of the four genes in astrocytes
and neurons were similar between Bhc80+/+ and Bhc80/
mice. Moreover, the protein levels of Nrsf, CoRest, and Hdac2
as the binding partners of Bhc80 were unchanged in the neona-
tal lung by the loss of Bhc80 (Fig. 5B).
To examine whether Bhc80 is directly involved in transcrip-
tional repression of SynI, we carried out ChIP assays of chro-
matin from neonatal lung. In Bhc80+/+ mice, both Nrsf and
Bhc80 occupied the SynI promoter containing NRSE, whereas
no speciﬁc interaction was found between Nrsf or Bhc80 and
Fig. 4. Morphology of neurons and astrocytes in Bhc80/ mice. (A) Hippocampal neurons ofBhc80+/+ and Bhc80/ mice. Low-density cultures of
hippocampal neurons were obtained from fetuses at embryonic stage E17. After 2-day culture, Bhc80+/+ (a and b) and Bhc80/ (c and d)
hippocampal neurons were ﬁxed, incubated with anti-b-tubulin antibody, treated with Alexa 488-conjugated secondary antibody (green color), and
observed under a ﬂuorescent microscope (magniﬁcations, 200· for a and c, and 400· for b and d). (B) Axonal elongation and branching in Bhc80/
hippocampal neurons. Primary axons in the above primary-cultured hippocampal neurons were measured by using a Scion Image Beta 4.02 software.
Data of both axon length and number of branch tips are indicated as means ± S.E., where n = 3 (20 neurons from each group of Bhc80+/+ and
Bhc80/ mice). (C) Morphology of Bhc80/ astrocytes. Astrocyte-enriched cultures prepared from Bhc80+/+ (e and f) and Bhc80/ (g and h)
cortices were ﬁxed, treated with anti-Gfap antibody, incubated with Alexa 488-conjugated secondary antibody (green color), counterstained with
propidium iodide (red color), and observed under a ﬂuorescent microscope (magniﬁcations, 200· for e and g, and 400· for f and h).
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D). Despite the loss of Bhc80, Nrsf also occupied the SynI pro-
moter (Fig. 5D). Many chromatin modiﬁers are known to par-
ticipate in neuron-speciﬁc gene repression: deacetylation of
histone H3 and H4 by HDAC1 and HDAC2 [4–6], demethyl-
ation of H3K4 by LSD1/BHC110 [13], and methylation of
H3K9 by G9a [9] and SUV39H1 [10]. When antibodies speciﬁc
for histone H3 and H4 modiﬁed by methylation and acetyla-
tion, respectively, were used for ChIP assays, no signiﬁcant dif-
ference was observed between Bhc80+/+ and Bhc80/ mice.
Thus, at least in the lung of neonates, Bhc80 is most likely in-
volved directly in transcriptional repression of SynI without
the maintenance of the histone modiﬁcations. The neuron-
speciﬁc gene repression mediated by Bhc80 may not be essen-
tial for development of the non-neuronal tissues, because
Bhc80/ neonates exhibited no histological abnormality in
the non-neuronal organs (Fig. 2D).4. Discussion
If Bhc80 functions only as a neuron-speciﬁc gene repressor
[11], it is reasonable to consider that the neonatal lethality of
Bhc80/ mice is due to the multiple organ failure in non-neu-
ronal tissues. Our data, however, reveal the proper formation
of non-neuronal organs (Fig. 2D). Since the Bhc80/ neo-
nates show the inability to suck mother’s milk suﬃciently
(Fig. 2A), the neonatal death may result from this aberrant
behavior. When the survival patterns of Bhc80+/+ andBhc80/ pups delivered by Caesarean operation at E19.5 were
compared, approximately half of the neonates without sucking
milk survived for 14.5 h, regardless of the genotypes of mice
(Fig. S4). Thus, the abnormal milk-sucking behavior of
Bhc80/ neonates is likely to be one of the major causes for
the neonatal death. Bhc80 may be implicated in the neuronal
function(s), because the rooting and sucking reﬂexes are gov-
erned by central nervous system [29,30]. Indeed, Bhc80 is pres-
ent in neurons as well as non-neuronal cells [12].
The phenotype of Bhc80-deﬁcient mice is similar to those of
Kif2a- [26] and Tau/Map1b-deﬁcient mice [27] (Fig. 2), suggest-
ing that Bhc80 is possibly involved in neuronal migration and
axonal elongation. However, the loss of Bhc80 results in no de-
fect in these neuronal activities (Figs. 3 and 4). Moreover,
microarray analysis has revealed that the mRNA levels of the
three genes in the brain are normal in Bhc80/ neonates
(Bhc80+/+: Bhc80/ = 1.00: 1.06, 1.00: 0.94, and 1.00: 1.07 for
Kif2a, Tau, and Map1b, respectively). These results demon-
strate that Bhc80 does not participate in the molecular path-
way(s) of the neuronal development controlled by Kif2a, Tau,
and Map1b. The physiological importance of Bhc80 in the
maintenance of the neuronal functions remains to be elucidated.
Despite normal silencing in non-neuronal astrocytes, neu-
ron-speciﬁc SynI is expressed in the lung of Bhc80/ neonates
(Fig. 5A). We have also found that RNA interference of
BHC80 results in ectopic expression of SYNI in HeLa cells
(Fig. S5). It is interesting to suppose that Bhc80 is required
for repression of SynI only in the limited cell types. One pos-
sible explanation for the ectopic expression of SynI is that in
Fig. 5. SynI expression in the lung of Bhc80/mice. (A) Expression of neuron-speciﬁc genes in Bhc80+/+ and Bhc80/ neonates. Primary cultures of
neurons and astrocytes (Astro) were prepared from fetuses at embryonic stage E17. Total cellular RNAs from the lung tissues of neonates, cortical
neurons, and astrocytes were analyzed by semi-quantitative PCR, using speciﬁc primer sets for Bhc80, m4, Scg10, Nfm, SynI, and glyceraldehyde-3-
phosphate dehydrogenase (Gdh). SynI was ectopically expressed in the lung of BHC80/ neonates. No DNA band was detected when RT-PCR was
carried out in the absence of RT (data not shown). (B) Protein levels of Bhc subunits in Bhc80+/+ and Bhc80/ lung. Protein extracts from the lung
tissues of Bhc80+/+ and Bhc80/ neonates were subjected to Western blot analysis using antibodies against Bhc80, Nrsf, Hdac2, and CoRest.
(C) Schematic representation of ChIP assays for SynI. Exons (open boxes), transcription initiation site (open arrow), and location of oligonucleotide
primers (closed arrows) are represented. The promoter-amplifying primers are designed to yield a 284-bp DNA fragment carrying NRSE (closed
box). The ORF-amplifying primers are located 11.3-kbp downstream of the 3 0-end of the promoter region. (D) Histone modiﬁcations on the SynI
promoter in Bhc80+/+ and Bhc80/ mice. Cross-linked chromatin samples were prepared from the lung tissues of Bhc80+/+ and Bhc80/ neonates,
and used for immunoprecipitation using antibodies against Bhc80, Nrsf, acetylated histone H4 (Ac-K5H4, Ac-K8H4, Ac-K12H4, and Ac-K16H4),
and dimethylated histone H3 (diMe-K4H3 and diMe-K9H3). Aﬃnity-puriﬁed rabbit IgG (rIgG) was used as a control antibody for rabbit antibodies
against Bhc80 and modiﬁed histones. Anti-egg Zp3 mAb [32] (mIgG) was also used as a negative control for anti-Nrsf mAb. A representative data of
three independent experiments is shown.
3134 S. Iwase et al. / FEBS Letters 580 (2006) 3129–3135Bhc (BHC)-deﬁcient neonatal lung and HeLa cells, other core-
pressors including N-Cor and mSin3a may not compensate for
the loss of Bhc80. Another explanation is that Bhc80 may act
as a negative regulator for repression of SynI in Bhc80/
astrocytes. The latter possibility seems to be supported by
the recent ﬁnding that BHC80 inhibits the histone demethyla-
tion activity of LSD1/BHC110 in vitro [15]. In any case, the
normal development of non-neuronal organs in Bhc80/ neo-
nates (Fig. 2) contrasts with the embryonic lethality in Nrsf-
deﬁcient mice [16], implying only partial contribution of
Bhc80 to Nrsf-mediated transcriptional repression of neuron-
speciﬁc genes including SynI.
The precise mechanism underlying neuron-speciﬁc gene
repression byBHChas not been elucidated completely. Our pre-
vious study [12] demonstrates that BHC80 is capable of interact-
ing directly with HDAC1, HDAC2, and LSD1/BHC110
through the PHD ﬁnger-containing C-terminal region essential
for the repression activity ofBHC80. It is possible that the loss of
Bhc80 may perturb the promoter association of histone modiﬁ-
ers, Hdac1/2 and Lsd1/Bhc110, leading to a conversion of the
chromatin structure into the active state. Unexpectedly, the
methylation and acetylation levels of histones H3 and H4 on
the SynI promoter are unaﬀected by the Bhc80 loss (Fig. 5D).
Why is SynI expressed in the lung ofBhc80/ neonates without
apparent changes in the histone modiﬁcations? The interaction
between DNA and Braf35, an HMG domain-containing sub-
unit of Bhc, may be interrupted in the Bhc80/ lung, because
BHC80 binds BRAF35 more strongly than HDAC1, HDAC2,
and LSD1/BHC110 [12]. Alternatively, the loss of Bhc80 mayabrogate the activities of chromatin remodeling complex Swi–
Snf [31] andmethylated DNA-binding proteinMecp2 [10], both
of which are recruited by CoRest. To elucidate further the ecto-
pic expression of SynI in the Bhc80-deﬁcient lung, the DNA
methylation states of the SynI promoter in Bhc80+/+ and
Bhc80/ neonates remain to be examined.
Infants encounter the necessity of milk feeding soon after
birth, because they are separated from the placental nutrition.
Our data provide a new viewpoint that the mammalian-speciﬁc
developmental process is regulated by a transcriptional core-
pressor. Thus, Bhc80-deﬁcient mice will be a useful experimen-
tal model to understand the neonatal growth and neuronal
gene repression in mammalian species.
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